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The local structure of (AlgeV .04 203 in the paramagnetic insulatin@l) and antiferromagnetically ordered
insulating(AFIl) phase has been investigated using hard and soft x-ray absorption techniques. It is shown that
(1) on a local scale, the symmetry of the vanadium sites in both the Pl and AFI phases is the sd®)etand
vanadium-8l—oxygen-2 hybridization, as gauged by the oxyger dbsorption edge, is the same for both
phases, but distinctly different from the paramagnetic metallic phase of pu®g. \These findings can be
understood in the context of a recently proposed model which relates the long-range monoclinic distortion of
the antiferromagnetically ordered state to orbital ordering, if orbital short-range order in the Pl phase is
assumed. The measured anisotropy of the x-ray absorption spectra is discussed in relation to spin-polarized
density functional calculations.
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INTRODUCTION splits the V 3 states into uppeg, and lowert, states, and
the latter are further split inta;y and ey states due to the
The metal-insulator transitiofMIT) in V,0; has been trigonal symmetry of the lattice. Interactions between nearest
intensively investigated and discussed for many years as aranadium neighbors along the direction (vertical pair$
example of a classical Mott transition. However, such a picSplit the a4 states into bonding and antibonding molecular
ture is blurred by the Comp|exity of th6203 phase diagra}n orbitals. ACCOfding to Castellaret al. the bondingalg or-
which involves magnetic and structural transitions coincid-bital is fully occupied while the antibondiray 4 orbital shifts
ing with the MIT, as a function of temperature, dopi(@r, energetically above theg states. This leaves only one elec-
Al, Ti), pressure, and oxygen stoichiometry. At room tem-tron per vanadium atom to occupy te§ states, leading to
perature pure YO; is in a paramagnetic metalli{®M) phase orbital degeneracy, which is susceptible to a degeneracy-
which x-ray diffraction(XRD) shows to be trigonal. At about lifting process such as the Jahn-Teller effect or orbital order-
180 K there occurs a transition to an antiferromagneticallying. Indeed, Baet al.”® suggested that such orbital ordering
insulating (AFl) monoclinic phase. Doping with Cr or Al occurs in \bOs. This conclusion was based on neutron scat-
results in the formation of a paramagnetic insulatiftf)  tering experiments which show disagreement between the
phase. The lattice parameters change but long-range trigonpfopagation vector characterizing the AFlI phase and the
symmetry is preserved, as indicated by XRbThe role of  propagation vector expected from magnetic short-range or-
electronic correlations in the interplay between changes imdler in the PM and PI phases of pure®; and its alloys. The
the physical structure, the magnetic properties, and the eletatter propagation vector is identical to that of a spin density
tronic structure at the various transitions needs further inveswvave in vanadium-deficient D5;. The suggested orbital or-
tigation. It is still not certain whether the electronic transition dering would distinguish the AFI phase of®; from all the
is driven by structural changes or vice versa. Although recentther phases and prevent a unified description of the MIT in
calculations combining the local density approximation withthis compound. The validity of Castellani’'s model has been
local density approximation with dynamical mean-field called into question by soft x-ray absorptidfi and band
theory (LDA + DMFT)* show the importance of electronic structure calculationt: Near-edge x-ray-absorption fine-
correlations in a description of the electronic structure, a destructure(NEXAFS) measurements of the Vp2and O Is
scription of the MIT in \,0; must take into account the edges provide information on the unoccupied states near the
relationship between physical structure and the electroni€ermi level. Miller et al. concluded from such a NEXAFS
and magnetic properties of the system. study of the different phases of,@; and (V,Cr),0O5 that all
The Mott-Hubbard picture of 05, in particular a de- the insulating phases have, within experimental error, identi-
scription in terms of a one-band Hubbard motiislbased on  cal local electronic structurésin addition, angular-resolved
a level scheme of Castellaeti al. for the electronic structure  NEXAFS measurements in the metallic and insulating
of V,05.° The crystal field generated by the O octahedronphases of YO, are inconsistent with the assumption that the
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first excited states are puredy . Rather, the isotropy of the ity of this crystal was monitored during the EXAFS experi-
absorption spectra observed in the metallic phase sugges®rent.

the first excited states are a mixtureefanda, 4, while the The EXAFS measurements were performed at beamline
anisotropy observed in the insulating phases suggests the¥@3B at the National Synchrotron Light Source at
states have increased, character. These conclusions were Brookhaven National Laboratory. Spectra at different tem-
confirmed by LDA+ U band-structure calculations by Ezhov Perature points above and below the transition temperatures
et al!* and NEXAFS studies by Pawt al'® Using a model of the pure and doped samples were taken using a closed-
fit to the V 2p, Ezhovet al. showed that orbital occupancy cycle helium cryostat. The EXAFS spectra taken above the
of the e states is larger than 1 and changes at both MIT'stransition were measured before and after the crystals passed

This renders the one-band Hubbard médsten applied to through the transition. No differences were observed, ruling
the MIT in V,O; inadequate. out the influence of cracks on the measurements. For the

Important for a unified view of the MIT in YO, is the pure compound this was also yerifieq by only small changes
understanding of the relationship between electronic, mag the geometry factor in thia situ resistance measurement.
netic, and structural changes at the MIT. Recently, a mode'@cks in the doped sample are less likely since the AFI-PI
was proposed 3 that takes into account degrees of freedomtransition is characterized by a much smaller unit-cell vol-

of molecular orbitals formed by vertical V-V pairs and their Ume change than the AFI-PM transition. The sample was
interaction within theab plane, offering a consistent picture Néld under vacuum to reduce thermal leakage and air absorp-

of the magnetic and structural properties of the AFI phase. fion @nd prevent water condensation. The x-ray absorption
In this paper we show using EXAFS and NEXAFS tech- SPectra were gneasured in fluor.es.cence ylgld mode using a
niques that, on a local scale, the structural and electronitY!e detector,” background radiation was filtered by a Ti
properties of the AFI and Pl phases are the same. This fact fSil- In fluorescence mode self-absorption effects may
attributed to short-range orbital order in the Pl phase, conStongly damp the EXAFS amplitude even at normal inci-
sistent with recent model calculatidA$3and the character- 9ence. As the pn_maré/&?;fect of self-absorption is to reduce
istics of magnetic short-range order observed by neutroff’® EXAFS amplitude,"" but leave the phase unchanged,
scattering. Spin-polarized density functional theory calcula- € distances of neighboring atoms obtained by EXAFS,
tions presented here reflect the anisotropy of thepQdn- which are determined largely by the phase, are unaffected.

sity of states observed in the insulating phases of th@sV We corrected for self-zlig)lsgorption using a generalization of the
phase diagram. method of Trger et al.=>*°to large detector surfaces, as de-

scribed elsewher¥. This correction is quite reliable, as was
shown in Ref. 17 by demonstrating that for Al-dopegO4

the absorption was isotropic in ttad plane after the correc-
tion, as expected for trigonal symmetry.

Measurements were performed on an Al-dopegOy For the EXAFS measurements the sample was oriented so

single crystal about 2.5 mm by 1.5 mm by 1 mm grown bythat the (11D) plane(in hexagonal notationwas the sur-
chemical transport using Tefs transport agent and a mix- face perpendicular to the incident beam. In this geometry the

ture of V05 and ALO; powder corresponding to a nominal orientation of the polarization vectdt of the incoming x
concentrationx=0.1 in (V1_,Al,),0;. Energy-dispersive rays with respect to the hexagomahxis can be changed by
X-ray scattering showed that the actual Al concentration Ir}'otating the Samp|e around the surface normal. Measure-

the single crystal was 6 at.%, presumably due to a loWep,oniq \yere made with parallel and perpendicular @, .
transport rate of Al compared to vanadium during crystalAS described by Frenkedt al,'® this facilitates measuring

growth. XRD showed the expected trigonal structure withy,o g different components of the anisotropic absorption
lattice parameterspe.=13.81(1) A andane=4.985(5) A, . cfficient:

both smaller than those found by Joskt al. (Cpey

~13.89 A anday,.~5.00 A at 6.2 at %% The resultingc/a =, SirP6+ wjcodo,

ratio of 2.7703 is much smaller than in the metallic phase .

(2.829. Resistivity measurements, the small value ofatee ~ Wherew, () is the absorption coefficient fd perpendicu-

ratio, and the Al concentration show the sample was in the Plar (paralle) to ¢, and 6 is the angle betweeR andcyqy.

phase at room temperature. The transition from PI to AFISince different scattering paths contribute 4o and wj,

occurred at 165 K as determined by magnetic susceptibiblityneasurement of these two independent quantities achieves

measurements using a Quantum Devices superconductitgptter separation of paths. After correcting for self-absorption

quantum interference devig&QUID) magnetometer. Laue as described above, standard EXAFS analysis was per-

diffraction measurements were performed on the single crysormed. For the Fourier transform a windowkrspace from

tal at room-temperature and at 77 K. The room temperatur8 A~* to 12 A~! was used K being the wave vector of the

trigonal symmetry was, as expected, broken at low temperghotoelectron

ture. Measured spectra were compared to model spectra calcu-
A pure, slightly vanadium-deficient XD single crystal lated withFerra?® The calculation requires estimated atomic

was measured as a reference. Laue diffraction and magnetiositions, provided by models of the structure. To construct

susceptibility measurements showed that the single crystahese structural models we used the lattice parameters pro-

was of high quality with a sharp MIT at 100 K. The resistiv- vided by our XRD measurements. Then, for the trigonal

EXPERIMENTAL AND THEORETICAL
METHODOLOGY
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The present study included the paramagnetic metaljiogy
paramagnetic insulating \sLRy 039203, and antiferro-
magnetic insulating ¥O3; phases using the crystal-structure
data of Dernie?®?” as well as Dernier and Marezid.Note
that, since DFT is a ground-state theory, differences between
Ay the phases were taken into account only via the different
crystal structure. In order to study the effect of spin polariza-
tion separately from the monoclinic distortion in the AFI
state, a complementary set of calculations with enforced spin
degeneracy was performed for this structure.
In order to account for the openness of the crystal struc-
tures, empty spheres, i.e., pseudoatoms without a nucleus,

were included to model the correct shape of the crystal po-
7,

g tential in large voids. Optimal empty-sphere positions and
radii of all spheres were automatically determined by the

- recently developed sphere geometssO algorithm?® As
a result, 8 and 16 empty spheres with radii ranging from
1.78&3 to 2.42a5 were included in the trigonal and mono-

-

clinic cells, respectively, keeping the linear overlap of vana-
dium and oxygen spheres below 16.5%. The basis set com-
prised V 4, 4p, 3d and O &, 2p as well as empty-sphere
states. Fast self-consistency was achieved by an efficient al-
gorithm for convergence acceleratithBrillouin zone sam-
pling was done using an increasing numbeIZcpfoints rang-

FIG. 1. Local structure of ¥O,. Black (gray) spheres represent Ng from 28 to 2480 and from 108 to 2048 points within the
vanadium(oxygen ions. Only those oxygen ions which form an respective irreducible wedges, ensuring convergence of the

octahedron around the central vanadium atognave shown. The results with respect to the fineness of thepace grid.
hexagonak axis is along the line Y,-Vy-V;.

model, we used the atomic positions tabulated by Wyé&koff RESULTS
for the pure compound. For the monoclinic model, we started

with the measured hexagonal lattice parameters and tilted t g Zlgr.nzIgvznctj)mga,&i(;zeeixspz;'?r}ekask?c?;aes?\gg ﬁ#er;
Chex @Xis by 1.995°, the same amount as in the AFI phase of 273 P P P

undoped \403722 to reproduce the monoclinic distortion. The and below(solid lineg their respective transition tempera-

resulting pseudohexagonal lattice vectors were converted tt(l)”es' For the Al-doped sample EXAFS spectra were mea-

monoclinic ones using the conversion matrix of Ref. 23.Sured with the polarization vectdt oriented along and per-
Relative atomic positions for the monoclinic phase were als@endicular to the hexagona axis. The EXAFS is very
taken from Ref. 23. The structure refinement was performedmilar for both orientations for both the Pl and AFI phases
by varying the interatomic distances to all vanadium atomdf this sample[see Figs. &) and 2b)], indicating that this

up to the fourth nearest neighbor, as shown in Fig. 1, as welffansition, involving a long-range monoclinic distortion and
as to the nearest two shells of oxygen atoms. A few doublelMagnetic order, is accompanied by only minor changes in
scattering paths with high scattering amplitudes were inlocal structure. In contrast, for pure,Us, the large differ-
cluded in the fits. The nearest oxygen shell formédm- ~ €nces in the EXAFS oscillations apparent in Fi¢z) Zhow
torted octahedron around the absorbing vanadium atgm Vthat the local environment of the absorbing atoms is very
and is responsible for the well-separated peak of the Fourigfifferent above and below the MIT. For the Pl and AFI

transformed spectra between 1 and 2 A. Fitting was carrie@hases of the Al-doped sample, small differences are appar-
out in r space usind® weighting. ent at highk; these presumably are due to the distinctly dif-

NEXAFS measurements on the Os kdge were per- ferent Debye-Waller factors at the measuring temperatures of
formed under ultrahigh vacuum at the U41-1/PGM beamline30 K and 180 K, respectively. .
at the BESSY 2 storage ring using the same crystal in the FIting procedures, further discussed below, provide local
same geometry as for the EXAFS measurements. The Signmteratomlc distances which confirm that the local structure
was monitored by measuring the total electron yield; this idS Virtually the same in the PI and AFI phases of the Al-
somewhat surface sensitive, so care was taken to prepare afi@P€d sample, but also in the AFI phase of pug®©y. The
maintain clean surfaces characteristic of the bulk. fit also shows that both the Pl and AFI phases of the Al-

The experiments were complemented by electronic strucdoped V203 have a local symmetry which corresponds to a
ture calculations based on density functional the@fyT) in ~ monoclinic lattice. Figure 3 compares the measured EXAFS
the LDA. The calculations used the augmented-sphericallin I space, where s the interatomic distangefor both
wave (ASW) method in its scalar-relativistic orientations ofE to cye, to spectra derived from model cal-
implementatiorf*?° which was already applied in Ref. 4. culations for monoclinic and trigonal structures. It is evident
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FIG. 3. FT magnitudes of the EXAFS spectra of
(Alp.0eV0.99203 (solid line) compared to calculated EXAFS using a
monoclinic modeldotted line$ and a trigonal modellong-dashed
lines), for two geometries(a) E parallel tocy,, in which signifi-
cant differences between the models are expected. The monoclinic
model fits the data much better than the trigonal one in both the PI
(T=180 K) and AFI (T=30 K) phases(b) E perpendicular to
Ehex. In this geometry many paths contribute and little difference is
expected between the models, as observed. Dotted vertical lines
indicate theR range used in the fit. The positions of the peaks are

L L L L L L L L L L not corrected by the scattering phase shifts (0.3-0.5 A).
3 4 5 6 7 8 9 10 11 12

kAT

confirmed by the fact that the reliability factor of the trigonal
FIG. 2. EXAFS spectra of (AloaVo 9920z in k space. The spec- model is 0.06, while that of the monoclinic model is 0.02.
tra above(dashed lingand below(solid line) the Pl to AFI transi- The better fit of the monoclinic model than the trigonal
tion are virtually the same for Al-doped,®; for bothEL c,.xand ~ model is particularly apparent in tHe parallel toc,, orien-
EllChex [(@ and (b)], while pronounced changes are observed intation. This is expected because the EXAFS measured in this
pure \,O5; which is in the PM state at room temperat(cg show-  orientation is more sensitive to the structural differences be-
ing that the two insulating phases have virtually identical localtween the phases; the major effect of the reduction in sym-
physical structure which differs from that of the metal. metry during the transition from Pl or PM to AFI is a tilt of
the ¢, @xis and a “rotation” of \f-V; next-neighbor pairs,

that the monoclinic model fits the data better. The trigonafll located along this axis. This orientation also achieves
model (long-dashed linesfits the data very poorly in the PI 90od separation of scattering paths, since there is only a
phase at 180 K as well as in the AFI phase at 30 K, while the&single V next-neighbor atom (Vin Fig. 1) along thecpey
monoclinic model(dotted line$ fits the data very well in axis. In fact, the main contribution to the scattered intensity
both cases, especially doing a much better job in describingt 2.2 A in Fig. 3a) is due to the Y-V, single-scattering
the distorted oxygen octahedr@meak at 1.7 Aand the next path. The bioad peaks in the spectra taken with the polariza-
vanadium neighbors (\Vand V;, contributions are around tion vectorE of the x rays perpendicular to thg,., axis

2.2 A and belw 4 A in Fig. 3). This visual observation is [Fig. 3(b)] contain a large number of paths and therefore fit
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TABLE I. Distances from the central ion ¥ to nearby V iongas labeled in Fig. Jlfor various V compounds and Debye-Waller factors
o? for the EXAFS fits presented in Fig. 3. The model for the interatomic distances hdAqe),0; Uses hexagonal lattice vectors
measured by XRD and relative atomic positions, assuming a trigdnd@Ref. 26 or monoclinic(M) (Ref. 23 lattice. (For the monoclinic
lattice the distances to the,VY V3, and V, ions become nondegenerate and hence are identified separately in theDadtences for
V,05+ Cr, specifically (Cg.938V 0969203, in the Pl phase were measured by DeriiiRef. 26. Values for the AFI phase of pure,@; are
calculated from the monoclinic lattice vectors and atomic positions published by Dernier and M&eki@3. See text.

(Alg.08V0.09203 V,0;+Cr V503
lon
(see Fig. 1 Model Experiment
T M Pl AFI Pl AFI
r[Al  r[A] r[A] o’ [A%] r [A] o® [A?] r[A] r[A]
Vi 2.72 2.72 2.76:0.03 0.001-0.0006 2.7%0.03 0+0.0006 2.75 2.74
(i) 2.86 2.96-0.02 2.910.02 2.86
V, (i) 2.91 2.87 2.970.02 0.00%0.0007 2.930.02 0.0010.0009 2.92 2.88
(iii) 3.00 3.10:0.02 3.05:0.02 2.99
(i) 3.43 3.44-0.03 3.42£0.04 3.44
\E N 3.44 3.45
(i) 3.45 3.46-0.03 3.44-0.04 3.46
(i) 3.62 3.69-0.02 0.003:0.0009 3.720.02 0.006:-0.001 3.63
Vy (i) 3.69 3.71 3.780.02 3.810.02 3.70 3.73
(iii) 3.72 3.79:0.02 3.82£0.02 3.74

equally well to both models with a reliability factor of 0.02. E perpendicular tayq, (9=90°). It is evident that cooling
Table | lists the distances from a central reference ionfrom the PI to the AFI phase has no significant effect on the
labeled \ in Fig. 1, to nearby V ions for the various phases spectra or their dependence on angle. These spectra and their
of the V,0; compounds. The values measured by EXAFSangular dependence are similar to those of pus®Mn its
for the PI and AFI phases are those obtained using the fitgw-temperature AFI phasehut different from those of pure
shown in Fig. 3. The distances to the, ¥nd V, nearest v,0; in its high-temperature PM phase, which has a much
neighbors were consistently determined from the fits to th§veaker angular dependenid@g. 4(c)].
spectra withE parallelCpe, andE perpendiculac,y, While
the distances to ¥and V; were taken from th& L Ehex and
E||Chex SPectra alone, respectively, since both theavid V,
neighbors only contribute to one kind of spectrum signifi-  The EXAFS and O edge soft x-ray absorption measure-
cantly. The relative atomic positions, which determine thements presented here consistently show that the structure, at
splitting of the distances to )/ V3, and Vj in the mono-  |east on a local scale, and the V-O hybridization in the Pl and
clinic phase, were taken from Ref. 23 and only the averag@F| phases of (Al, V}Os are similar, but distinctly different
distances of the shells taken into account in the fit were valfrom the metallic phase_ The most obvious difference be-
ied. For comparison, we include interatomic distances calCutween the metallic and insulating phases is the anisotropy of
lated for (Ab.os, V0.09203 Obtained using hexagonal lattice the O 1s x-ray absorption spectra, reflecting tte3d—0-2p
vectors measured by XRD and relative atomic positions, ashybridization. These findings suggest that the structural
Suming a trigonép and monoclinic Iatt|Cé3 Distances for Change at the Ml transitio(ﬂong or Short-range Ord)aris
(Cro038¥0.06920s in the Pl phase were measured by directly connected with the emergence of the insulating state,
Dernief® using XRD and those for the AFI phase of pure e g., via changes of hybridization.
V,05 are calculated from the monoclinic lattice vectors and  To estimate the effect of purely structural changes on the
atomic positions published by Dernier and MareZidt is hybridization, we show in Fig. 5 partigprojected O 2p,
evident that the interatomic distances measured by EXAFgnd 2,., densities of state$DOS) predicted by the elec-
for the Pl and AFI phases (fbeV0.04205 are essentially the  tronic structure calculations. The Wd3partial DOS predic-
same. In addition, these distances are in correspondeng@ns for the spin-degenerate cagese Ref. 3 are in good
with, though consistently slightly larger than, those obtainedagreement with those of MattheiSsind Ezhovet al! The
for the AFI phase of pure 303, confirming that all insulat- v 3d and O 2 partial DOS presented in Fig. 5 are very
ing phases have essentially the same local structure. similar for all phases, except for a slight decrease of the O
NEXAFS spectra of the Odledge in the same Al-doped 2p bandwidth in the PI phase as compared to the PM phase.
Al,0O3 crystal are presented in Fig. @ and 4b). Large  |n particular, the experimentally observed optical band gap is
changes in the spectra are apparent as the sample is rotaigst reproduced by the calculations and all phases are pre-
from a geometry wittE parallel tocey (9=0°) to one with  dicted to be metallic. These discrepancies between experi-

DISCUSSION
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1ol@ @& v )0 1 dicular to Ehex should also be alike. Experimentally, this is
) 0067004273 T — 0 only observed for the metallic phase 0§®3, as shown in
T=300K : Fig. 4(c), but not for the insulating phases. However, the
’ calculations for (\¢sLr0039203 [Fig. S(b)] described
above did not include the local distortions observed by EX-
AFS in the Pl phase and the calculations for monoclinic
V,0; [Fig. 5(c)] artificially enforced a spin-degenerate state.
If the antiferromagnetic ground state of the monoclinic phase
is taken into account by using a spin-polarized calculation
[Fig. 5(d)], the partial DOS displays various band shifts, al-
though the experimentally observed optical band gap is still
not reproduced. In particular, the Op2 partial DOS now
differs substantially from the 2, , near 0.3 eV, 1.7 eV, and 4
¥ ' y ' ' ' eV and is, therefore, more compatible with the observed an-
10F(b) (Al Vol Op 2~ — 0 isotropy of the O % spectra. In this context it should be
T=110K N e . noted that according to neutron scattering measurements an-
N e . tiferromagnetic short-range order persists in both the Pl and
-------- o ] PM phases, although the anisotropy of the ©sbectra is
only observed in the Pl and AFI phases.

To address the effect of electronic correlations on the
electronic structure of YO, recently the LDA was com-

; bined with theory DMFT and calculated and measured pho-

NS ] toemission and x-ray absorption spectra were compared on

the basis of the calculated Vd3spectral weight. The

o electron-electron interaction shifts thg, andey states with

0.0 2 e respect to each other. This would cause an anisotropy in the

| , . ' . , . oxygen I spectra, since tha;, and e states hybridize

1.0} (c) pureV,0, differently with the O ;pz anq 2px_yy states. According tc_) the
LDA the V a4 hybridize primarily with the O P, orbital

T=300K along thecy, axis, while theeg hybridize primarily with the

O 2p,, inplane orbitals. Therefore polarization-dependent

excitations of O % core electrons into unoccupied o2

and O 2, , states, provide information on their hybridiza-

tion with V a;4 ande] states, respectively. Based on this we

concluded earliérthat the observed anisotropy in the AFI

phase of pure Y05 results from an increase a4 character

in the unoccupied DOS, causing a corresponding increase of

weight of O p, hybridized states above-. This interpreta-

tion is consistent with the conclusion of Pagkal,'® based

. . _ . on measurements of the M, ; edges, that there is an in-

530 532 534 536 crease ireg occupancy during the transition from the metal-

lic to the insulating state in 305;. On the other hand, the

relative shifts of thea;y andey states predicted from LDA-

FIG. 4. NEXAFS spectra of the Osledge of (AhoVo0d,0s  PMFT cal_culations are not sufficient_ to account f_or the ob-
as a function of angle betwedh and thec,, axis, showing large served anlsotro_py of th%Os]s_peCtra in the Insul_at_lng Stfite'
but identical angular anisotropy fd@) the Pl and(b) the AFI ~ Recently Shiinaet al.™ attributed the monoclinic lattice
phases. For comparison, this angular dependence almost vanist@$tortion in the AFI phase to orbital ordering which would
for pure V,0; in its metallic statdc) (from Ref. 9, energy shiftedto Make the three originally equivalent magnetic bonds in the
facilitate comparison All spectra were normalized to the large @b plane inequivalent and cause a monoclinic lattice distor-
maximum at about 532 eV. tion. Evidence for orbital fluctuations in the Pl phase was
provided by neutron scattering measureménthich

howed that magnetic short-range order was limited to
earest-neighbor distances, resulting in a first-order transi-

0.5

absorption [arb. units]

0.5

00F

photon energy [eV]

ment and calculations are usually attributed to the fact th

on-site electron-electron correlations are not fully taken into[ion from the Pl to the AFI phase. Given the results of Ref
account by the LDA. T.he. calcullat.|(.)ns also pre_dlct that the O12, orbital fluctuations in the PI phase could cause a dynamic
2p DOS of all phases is isotropic; i.e., the projectqi 2nd  5noclinic distortion. Assuming that the time scale for such

2py,y DOS are similar, implying that NEXAFS spectra of the fjyctuations is long compared to the time scale of the x-ray-
O 1s edge with the polarization vect@r parallel or perpen- absorption process, EXAFS and soft x-ray absorption would
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though, on a local scale, still the same as in the Pl phase.
This model would account for the fact that neither EXAFS
nor soft x-ray absorption observe differences between the Pl
and AFI phases, in contrast to XRD. The spectroscopic re-
sults are, however, also consistent with static short-range or-
bital order in the Pl phase, which would, accordingly, be an
orbital glass, with an disorder-order transition to the ordered
AFI phase.

The local monoclinic distortion we have found in
(V0.94Al(.06),05 is reminiscent of the much smaller, but sig-
nificant monoclinic distortion found in the metallic phase of
pure V,05.2° From the fact that this monoclinic distortion is
not detected in XRD measurements, Frengehll® set an
upper limit of 40 A on the size of possible monoclinic do-
mains and concluded that the MIT contains both an order-
disorder and a displacive component. The monoclinic distor-
tion in the metallic phase was determined to be about 30% of
that in the antiferromagnetically ordered insulating phase.
From the above discussion it can be concluded that their data
suggest that orbital fluctuations are also present in the metal-
lic phase of \LO3, although local distortions are less promi-
nent than in the Pl phase, possibly due to better screening in
the metallic phase.

CONCLUSION

The x-ray-absorption measurements presented here show
that both the Pl and AFI insulating phases of04 are dis-
tinguished from the PM phase i) the presence of local or
long-range distortion of the latticeprobably connected to
short- or long-range orbital order, respectiye@ynd (ii) dif-
ferences in the V-8-0-2p hybridization, accompanied by
corresponding band shifts. Both the distortion and the hy-
bridization appear to be independent of the presence of anti-
ferromagnetic correlations, which are present in all phases.
The similarity of the Pl and AFI phases, at least on a local
scale, suggests a common route from their insulating behav-
ior to the metallic behavior of the PM phase. Interactions
between orbital degrees of freedom, which lead to an orbit-
ally ordered state in the AFI phase and orbital short-range
order in the PI phase, appear to be an an important finger-
print of the MIT. The characteristic differences between
V-3d-0-2p hybridization in the metallic and insulating
phases suggest that those changes in hybridization play a role
in the MIT. Such changes might be due to strong anharmonic
contributions to the temperature-dependent phonon
spectrum.

crystal structures of (\_,Cry) ,O53 with variousc/a ratios and sym-
metries:(a) the trigonal paramagnetic phase<0), (b) paramag-
netic insulating phase with a larger trigonal distortion correspond-
ing to x=0.038, (c) the monoclinic paramagnetic phase of04,
and (d) the monoclinic antiferromagnetic phase. Soldasheg
lines indicate O P, (2p, or 2p,) states. For the magnetically or-
dered phaséd) spin-up and spin-down states have been added t
facilitate comparison and the vertical scale has been expanded.
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